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Abstract Purpose:We have identified the phytoalexin compounds glyceollins I, II, and III, which exhibit
marked antiestrogenic effects on estrogen receptor function and estrogen-dependent tumor
growth in vivo. The purpose of this study was to investigate the interactions among the induced
soy phytoalexins glyceollins I, II, and III on the growth of estrogen-dependent MCF-7 breast
cancer and BG-1ovarian cancer cells implanted in ovariectomized athymic mice.
Experimental Design: Four treatment groups for each cell line were used: vehicle control,
20mg/kg/mouse/d glyceollinmixture injection, 0.72mg estradiol (E2) implant, and E2 implant +
20mg/kg/mouse/d glyceollin injection.
Results: Treatment with glyceollin suppressed E2-stimulated tumor growth of MCF-7 cells
(�53.4%) and BG-1cells (�73.1%) in ovariectomized athymic mice. These tumor-inhibiting
effects corresponded with significantly lower E2-induced progesterone receptor expression in
the tumors. In contrast to tamoxifen, the glyceollins had no estrogen-agonist effects on uterine
morphology and partially antagonized the uterotropic effects of estrogen.
Conclusions:These findings identify glyceollins as antiestrogenic agents that may be useful in
the prevention or treatment of breast and ovarian carcinoma.

Antiestrogen therapy has been shown to prevent premeno-
pausal and postmenopausal breast cancer and to be a beneficial
adjuvant therapy for women with estrogen receptor (ER)–
positive tumors (1–3). Tumors ultimately develop resistance,
however, and certain antiestrogens, such as tamoxifen, can
increase the risk of endometrial cancer (3, 4). Consequently,

efforts have been made to develop new antiestrogens from both
synthetic and natural sources. Many naturally occurring agents,
particularly flavonoids, have shown chemopreventive and
anticancer potential in a variety of in vitro and in vivo models
(5–12). The isoflavone genistein has received much attention
over the last few years as a potential anticancer agent due to its
wide-range effects on a number of cellular processes (5–12).
The potential chemopreventive effects of genistein and other
flavonoids have spurred research to discover other naturally
occurring flavonoids in soybean and other plants with
anticancer activities.

Phytoalexins are low-molecular-weight antimicrobial com-
pounds that are synthesized de novo and accumulate in plants
in response to infection or stress (13, 14). Numerous stress
factors and physical stimuli induce phytoalexin accumulation,
including wounding, freezing, UV light exposure, and exposure
to microorganisms. In addition, compounds referred to as
elicitors, either abiotic or biotic, can stimulate the biosynthesis
of phytoalexins (13–20). Glyceollins are one the primary
groups of phytoalexins produced in soybeans under conditions
of stress (15, 19, 20). The glyceollins (mixture of glyceollin I, II,
and III; Fig. 1A) have been produced in high concentrations
using several elicitors and have antimicrobial activity against
several plant pathogens (13–16, 19). However, only trace
levels of the glyceollins are observed in soybean seeds, and they
have not been observed in soy food products.

We showed previously in cell culture studies that glyceollins
have a marked antiestrogenic effect on ER signaling, including
suppression of direct 17h-estradiol (E2) binding to the ER and
inhibition of E2-induced proliferation (21). No estrogenic
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activity was observed with the glyceollins in vitro, in contrast to
the other major soy isoflavones. In the current study, we sought
to extend these findings to an in vivo model. Here, we report
the inhibitory effects of the glyceollins on the growth of human
ER-positive breast cancer (MCF-7) and ovarian cancer (BG-1)
cells injected s.c. in ovariectomized athymic nude mice.

Materials andMethods

Glyceollin mixture. A mixture of glyceollins I, II, and III were
isolated using a procedure developed at the Southern Regional Research
Center (Agricultural Research Service, U.S. Department of Agriculture,
New Orleans, LA). Soybean seeds (1 kg) were sliced and inoculated
with Aspergillus sojae . After 3 days, the glyceollins were extracted from
the inoculated seeds with 1 liter methanol. The glyceollins were isolated
using preparative-scale high-power liquid chromatography (HPLC)

using two Waters 25-mm, 10-Am particle size ABondapak C18 radial

compression column segments combined using an extension tube.
HPLC was done on a Waters 600E System Controller combined with a

Waters UV-VIS 996 detector. Elution was carried out at a flow rate

of 8.0 mL/min with the following solvent system: A = acetonitrile,
B = water; 5% A for 10 minutes, then 5% A to 90% A in 60 minutes

followed by holding at 90% A for 20 minutes. The injection volume
was 20 mL. The fraction containing the glyceollins was concentrated

under vacuum and freeze-dried. The glyceollins were confirmed by

UV-VIS spectrophotometry. A mixture of glyceollins I (68%), II (21%),
and III (11%) were isolated (see Fig. 1B) and used in animal testing.

The solvents acetonitrile (HPLC grade) and methanol were purchased
from Sigma-Aldrich Corp. (St. Louis, MO). Water was obtained using

a Millipore system and used during sample preparation procedures and

HPLC analyses.
Soybean treatment and harvesting. A. sojae (SRRC 1125) cultures

were grown at 25jC in the dark on potato dextrose agar. After 5 days,

inoculum was prepared by harvesting conidia (3.4 � 107/mL) in 15-mL
sterile distilled H2O. Seeds from commercial soybean variety Asgrow

5902 were surface-sterilized for 3 minutes in 70% ethanol followed by a
quick deionized water rinse and two 2 minutes rinses in deionized

water. Seeds were presoaked in sterile deionized water for 4 to 5 hours

and then chopped for 2 minutes in a Cuisinart food processor. A. sojae
spore suspension (300 AL) was applied to the cut surface of seeds on

each tray. All trays were stored at 25jC in the dark for 3 days, rinsed
with water to remove spores, and oven-dried at 40jC for 24 hours.

Seeds were ground using a Waring blender before extraction.
Cells and reagents. The MCF-7N cell variant is a subclone of MCF-7

cells from the American Type Culture Collection (Manassas, VA) and
has been previously described (21). The BG-1 cell line has also been
previously described and was generously provided by Dr. Diane Klotz
(NIEHS, Research Triangle Park, NC; ref. 22). MCF-7 and BG-1 cells
were grown in DMEM (pH 7.4; Invitrogen Corp., Carlsbad, CA) supple-
mented with 10% fetal bovine serum (Hyclone, Salt Lake City, UT).
Cells were incubated at 37jC in an atmosphere of 5% CO2 and air.

Animals. Nu/nu immune-compromised female ovariectomized
mice (29-32 days old) were obtained from Charles River Laboratories
(Wilmington, MA). The animals were allowed a period of adaptation in

a sterile and pathogen-free environment with phytoestrogen-free food
and water ad libitum. Mice were divided into four treatment groups of
five mice each: control (con), estradiol only (E2), glyceollin mixture

only (Gly), and estradiol plus glyceollin mixture (E2 + Gly). Placebo
or estradiol pellets (0.72 mg, 60-day release; Innovative Research of
America, Sarasota, FL) were implanted s.c. in the lateral area of the neck

in the middle point between the ear and shoulder using a precision
trochar (10 gauge). MCF-7 and BG-1 cells in the exponential phase
of growth were harvested using PBS/EDTA solution and washed. Viable

cells (5 � 106) in a 50-AL sterile PBS suspension were mixed with
100 AL Matrigel Reduced Factors (BD Biosciences, Bedford, MA). MCF-7
cells were injected on the right side and the BG-1 cells on the left side of

the mammary fat pad through a 5-mm incision at the hypogastrium
area, and the incision was closed using staples. All the procedures in

animals were carried out under anesthesia using a mix of isofluorane
and oxygen delivered by mask.

The glyceollin mixture was suspended in a solution of DMSO
(one-third volume) and propylene glycol (two-third volume) and was
given s.c. in the dorsal area at 20 mg/kg/mouse/d for 20 days to Gly
and E2 + Gly groups starting on the same day of tumor implantation
(day 1). Con and E2 groups were injected with vehicle daily for 20 days.
Tumor size was measured every 2 days using a digital caliper. The
volume of the tumor was calculated using the following formula:
4/3pLM2, where L is the larger radius, and M is the smaller radius.
At necropsy on day 21, animals were euthanized by decapitation after
exposure to a CO2 chamber. Tumors, uteri, brain, livers, and lungs were
removed and either frozen in liquid nitrogen or fixed in 10% formalin
for further analysis. All procedures involving these animals were
conducted in compliance with State and Federal laws, standards of

Fig. 1. A, structures of glyceollins I, II, and III. B, HPLC chromatogram of glyceollins
I, II, and III at 285 nm.
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the U.S. Department of Health and Human Services, and guidelines
established by the Tulane University Animal Care and Use Committee.
The facilities and laboratory animal program of Tulane University are
accredited by the Association for the Assessment and Accreditation of
Laboratory Animal Care.

Immunohistochemistry. Tumor explants were collected at necropsy,
fixed in 70% ethanol, embedded in paraffin, and immunostained using
a primary monoclonal antibody for human progesterone receptor
(PR; NCL-PGR, Novocastra, Newcastle-upon-Tyne, United Kingdom).
Expression of PR is up-regulated through ER-mediated pathways and
thus serves as a marker of estrogen exposure within target tissues (23).
Staining methods included antigen-retrieval with citrate buffer (pH 6.0),
biotinylated rabbit anti-mouse Fc antibody as a linking reagent, alkaline
phosphatase–conjugated streptavidin as the label, and Vector Red as
the chromogen (Vector Laboratories, Burlingame, CA). Cell staining
was quantified by a computer-assisted counting technique, using a grid
filter to select cells for counting (24, 25). At least two microscopic fields
were randomly selected for each tumor, and 200 cells were counted
at �20 magnification. Numbers of positively stained cells were expressed
as a percentage of the total number examined. All measurements were
made blinded to treatment group.

Uterine morphology. Uteri were removed at necropsy, weighed, fixed
in 10% formalin for 24 hours, transferred to 70% ethanol, sectioned
transversely through each uterine horn, embedded in paraffin, and
stained with H&E by routine procedures. Slides were photographed at
�2 and �40 magnification using a Nikon CoolPix E995 digital camera
(Melville, NY). Uterine area, thickness, and epithelial height were mea-
sured from digital images using public domain software (NIH Image
v1.62; available at http://rsb.info.nih.gov/nih-image/download.html).
For epithelial height, three separate measurements were taken, and the
average was used for each animal. H&E-stained uteri were also
evaluated qualitatively for histologic changes.

Statistics. Longitudinal data for MCF-7 and BG-1 tumor size were
analyzed separately using a linear mixed models approach for repeated
measure data. The model allowed implementation of random effects in
the statistical model and the covariance structure for variances at
individual times and correlation between measures at different times on
the same tumors. Descriptive results, such as mean, SE, etc., were
calculated for all studied variables. The differences between estimated
means for all treatments averaged over days and at each day were
compared. All statistical analyses were done, assuming 5% level of
significance, with the Statistical Analysis Software 9.1 (SAS Institute,
Cary, NC).

Data for PR expression and uterine morphology were subjected to
one-way ANOVA. Variables were evaluated for their distribution and
equality of variances between groups. Overall statistical significance
levels were set at P < 0.05, but critical P levels for individual pairwise
comparisons were adjusted for the number of comparisons. All data are
reported as treatment group means F SE.

Results

Tumor growth in MCF-7 and BG-1 xenograft mice. Measu-
rable tumors for both MCF-7 cells (Fig. 2A) and BG-1 cells
(Fig. 2B) were observed 8 days after tumor implantation in all
treatment groups. For tumor size data spanning treatment days
8 to 20, all groups differed significantly from the E2 only group
(all comparisons, P < 0.005). The comparison of E2 + Gly
versus Gly over the treatment period was close to significantly
different for MCF7 tumors (P = 0.0891) and less so for BG1
tumors (P = 0.1504). Other comparisons over treatment days
8 to 20 had Ps as follows: control versus E2 + Gly, P = 0.2416
for MCF7 and P = 0.6486 for BG1; control versus Gly alone,
P = 0.5139 for MCF7 and P = 0.3077 for BG1. In the negative
control animals (without estrogen pellets or glyceollin mix-
ture), tumors grew slowly with a maximal size of 113 F 3 mm3

for MCF-7 cells and 122 F 5 mm3 for BG-1 cells on day 20 of
treatment. In contrast, estrogen stimulated the formation of
rapidly growing tumors in both MCF-7 and BG-1 tumor cells;
tumors in the E2 group were statistically significantly larger
than tumors in all other groups on each day measured (usually
P < 0.001 on any given measurement day), reaching a maximal
size of 385 F 106 mm3 in MCF-7 and 480 F 95 mm3 in BG-1
implanted animals by day 20 of treatment. Glyceollin treatment
suppressed the growth of MCF-7 and BG-1 tumors in the
presence and absence of estrogen. Treatment with glyceollin
mixture suppressed estrogen-stimulated tumor growth to be not
significantly different from negative control levels with a size
of 180 F 52 mm3 for MCF-7 (control versus E2 + Gly, day 20,
P = 0.3649) and 129 F 12 mm3 for BG-1 (control versus
E2 + Gly, day 20, P = 0.9162) on day 20 of treatment. In the
absence of E2, glyceollin mixture stabilized growth of tumors to
67 F 5 mm3 in MCF-7 cells and 67 F 7 mm3 in BG-1 tumors,
in both cases suppressing growth to below negative control
levels, although comparisons were not statistically significant.

PR expression. PR expression is an estrogen-sensitive marker
induced by ER transactivation (23). In this study, we used PR

Fig. 2. A, effects of the glyceollin mix on breast tumor growth in vivo. Points,
means (mm3); bars, SE.Treatments included four to five animals per group. B,
effects of the glyceollin mix on ovarian tumor growth in vivo. Points, means (mm3);
bars, SE.Treatments included four to five animals per group.Treatment, trial day, and
treatment by trial day interactions are statistically significant for both tumor types
(P < 0.001), and the tumors of all groups are significantly smaller than those of the
E2 only group on every treatment day measured.
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immunostaining to evaluate whether glyceollin treatment was
acting as an estrogen agonist when given alone and/or an
estrogen antagonist when given with E2. In MCF-7 and BG-1
xenografts, E2 treatment significantly increased PR expression
(Con versus E2, P < 0.05), whereas glyceollin mixture alone did
not (Con versus Gly, P = 0.92; Fig. 3A and B). When given with
E2, treatment with glyceollin mixture completely abolished E2
effects on PR expression in MCF-7 tumors (E2 versus E2 + Gly,
P < 0.05) and partially antagonized E2 effects in BG1 tumors
(Con versus E2 + Gly, P = 0.16; Fig. 3A).

Uterine morphology. Mouse uteri were also evaluated to
assess glyceollin effects on other reproductive tissues. E2
significantly increased uterine weight, area, diameter, and
epithelial area (Con versus E2, P < 0.0001 for all), whereas
glyceollin treatment had no significant effects on these
measures (Con versus Gly, P > 0.4 for all; Fig. 4). However,
glyceollins partially antagonized the effects of E2 on uterine
weight, area, and diameter (E2 versus E2 + Gly, P < 0.01). On
histology, uteri from control and glyceollin-treated animals
were diffusely atrophic and could not be distinguished
morphologically. Superficial epithelial cells were predomi-
nantly cuboidal with round to oval nuclei, whereas stromal
cells were densely packed with scant cytoplasm. In contrast,
uteri from E2-treated mice were markedly larger with epi-
thelial pseudostratification and hyperplasia, stromal edema,
and increased numbers of endometrial glands. Uteri from
E2 + Gly animals exhibited attenuated E2-induced features
(Fig. 4A).

Discussion

Breast cancer afflicts f1 in 8 women and represents a leading
cause of cancer-related mortality. Of the breast cancers
diagnosed, f50% to 60% will be positive for ER expression
and, therefore, potentially susceptible to endocrine therapy.
The development of endocrine therapeutic agents, such as the
antiestrogen tamoxifen and fulvestrant, represented a major
advance in the treatment of ER+ breast carcinoma. Although
tamoxifen exerts antiestrogenic effects upon breast tissue, it
exhibits estrogenic activity in the bone, cardiovascular, and
endometrial tissues (1–4). In addition, de novo or developed
resistance to current therapeutics represents a major obstacle in
the treatment of breast cancer, which diminishes the effective-
ness of endocrine therapy. Therefore, there is a critical need to
identify novel antiestrogenic agents useful in both the therapy of
breast carcinoma as well as potentially chemopreventive agents.

We have previously published evidence that certain naturally
occurring flavonoid compounds exhibit antiestrogenic activity
(21, 26). Through these studies we also described the isolation
of the glyceollins as a mixture of three isomers (glyceollin I, II,
and III) from stressed soybeans (21). Our functional analysis of
these compounds showed that the glyceollins displayed a
marked antiestrogenic effect on ER signaling, accompanied by
suppression of 17h-estradiol-induced proliferation in MCF-7
cells (21). From these studies, we hypothesized that the gly-
ceollins represented novel antiestrogenic flavonoids naturally
produced by soy that may be relevant to human health.

Fig. 3. A, PR expression in MCF-7 and BG1tumor explants, as
determined by immunohistochemistry. E2 treatment significantly
increased PR compared with control, whereas glyceollin mix alone
had no effect. PR in E2 + glyceollin mix was significantly lower than
for E2 alone in MCF-7 cells and did not differ significantly from
control treatment for either cell line.Treatments included four to five
animals per group.B, representative images of PR immunostaining in
MCF-7 cell tumors. Different letters indicate significant differences
among groups for a given tumor type (P < 0.05, ANOVA).
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To examine the effects of glyceollin mixture on both basal
and estrogen-stimulated growth, we used the well-established
xenograft model of MCF-7 and BG-1 tumor formation in
immunocompromised female ovariectomized nu/nu mice
(22, 27). Our results establish the in vivo antiestrogenic activity
of the glyceollin mixture. This study is the first demonstration
of ability of the glyceollin mix to significantly suppress
estrogen-stimulated tumor growth of MCF-7 and BG-1 cells in
ovariectomized female nude mice. At day 20 in glyceollin
mixture treatments with added 17h-estradiol, MCF-7 tumor
volume was reduced 53.4%, and BG-1 tumor volume was
reduced 73.1% compared with E2 alone. The ability of
glyceollins to antagonize the effects of 17h-estradiol was also
observed when analyzing progesterone expression. The glyceol-
lins were able to completely suppress E2-induced PR expression
in MCF-7 and partially suppress E2-induced PR expression in
BG-1 cells, further exemplifying the antiestrogenic activity of
these compounds.

Unlike some phytoestrogens, the glyceollin mixture did
not cause the Gly group to display any evidence of weak

estrogenic action on tumor growth, PR expression in tumors,
or uterine morphology. If anything, the glyceollin mixture
alone suppressed tumor growth to below that of the nega-
tive control, although this did not reach statistical significance
using the linear mixed model for statistical analysis. The
mechanism for this result was not tested in this study, but
two obvious possibilities are that the glyceollin mixture
opposed effects of low levels of non-ovarian estrogen or that
it suppressed tumor growth by acting via a non–ER-regulated
pathway. Further study is needed to explain the Gly versus Con
results.

The uterotrophic assay of ovariectomized mice is one of
the principal assays used to evaluate the estrogenic and anti-
estrogenic properties of estrogenic compounds. Several iso-
flavones, including genistein, have shown agonist activity
in the uterus (5, 11, 28). In these same animals treated for
20 days with vehicle, estradiol, glyceollin mixture, or estrogen +
glyceollin mixture, uterine size and morphology was exam-
ined. In the present study, the glyceollin mixture alone
showed no agonist uterotrophic activity. However, glyceollin

Fig. 4. The effect of E2, glyceollin mixture,
and E2 combined with glyceollin mixture
on uterine morphology. A, representative
H&E-stained slide of uterine morphology.
B, uterine weight. C, uterine area. D, uterine
diameter. E, uterine epithelial height. E2
significantly increased uterine size and
epithelial height, whereas glyceollin alone
had no effect on any of the measures.
Uterine weight, area, and diameter were
significantly lower for E2 + glyceollin
compared with E2 alone.Treatments
included four to five animals per group.
Histomorphometric measures were
quantitated from H&E-stained slides.
Different letters indicate significant
differences among groups (P < 0.05,
ANOVA).
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mixture treatment antagonized the 17h-estradiol effects on
the uterus, significantly reducing uterine area and diameter,
but nonsignificantly reduced overall uterine fixed weight.
The ability of the glyceollin mixture to function as an estro-
gen antagonist in the uteri in mice is a distinct advantage
when compared with other phytoestrogens and tamoxifen.
In several studies, tamoxifen has increased uterine weight
and acts as an agonist in the uteri (3, 29, 30). These results
suggest that the glyceollin mixture may be functioning as
phyto– selective estrogen receptor modulators, selectively
antagonizing ER function in a tissue type–specific manner.

In summary, here, we describe the in vivo activities of a novel
group of antiestrogenic phytochemical glyceollins. Our data
indicate that glyceollin mixture functions in vivo to inhibit the
growth of human breast and ovarian cancer xenografts and may
represent novel chemopreventive or therapeutic agents for the
treatment of hormone-dependent cancers.
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